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The choice of the test site was based on several criteria including availability, since the site was already under military control, distance from Los Alamos (center of the Manhattan Project), reliable weather, remoteness, and few large settlements within a ~50 km radius. The geology in and around the region of the test site is relatively simple, being dominated by quaternary sediments and cover. Nonetheless, the Trinity Test Site has been shown to be covered in a mineralogically complex arkosic desert sand, with alluvial, aeolian, evaporatic, and volcanic material (Quartz, K-feldspar, plagioclase, carbonates, sulfates, chlorides, detrital zircon, monazite, apatite, clay minerals and hornblende, olivine, magnetite, ilmenite and augite; table S4) (17, 19, 31) . Additionally, the site was covered in manmade materials, including wires, the tower (steel) and casing (concrete) for 'the Gadget', and 'the Gadget' itself, which has led to heterogeneous compositions of resultant materials at the site [see below and (19, 20, 30, 32) ].
The site experienced a range of conditions during the sequence of detonation of 'the Gadget' (33). Within the first three seconds of detonation, temperatures around the blast exceeded 8430 K (34). After 'bubble collapse', entrainment, vaporization and melting of desert arkosic sand on the ground and within the mushroom cloud occurred, leading to a 'hot cloud condition' for 14 to 20 seconds. This condition was followed by around 8 to 11 seconds of 'freeze out' (35), and the fallout of a fused molten arkosic sand glass termed 'trinitite'. The fallout of trinitite at the rate of 0.36 cm s -1 (~1300 cm hr -1 ) yielded a glass layer, on average, ~1 cm thick (34). The trinitite materials extended radially from zero point to ~370m (35). In detail, the dynamics of the detonation led to a heterogeneous distribution of trinitite glass across the site ( fig. S2 ), and to inhomogeneous glass being formed due to the rapid heating and cooling (19, 20, 30) .
Most trinitite is green in colour ( fig. S3) , although there are a sub-group of red coloured trinitite glasses. The glass has been described as falling, completely molten, with a fine sprinkling of dust. The glass is highly vesicular and similar to scoria (30), with bubbles ranging from m-size, to almost the complete diameter of the glass layer [~15 mm; (17, 31) ]. The presence of support structures, Pb bricks, Cu-rich wires used at the site for detonation and observation purposes, and material from 'the Gadget' itself, are thought to have led to the formation of metal in the trinitite, and the characteristic Cu-rich, red trinitite (19, 30) . In general, the concentration of metal is greater in the red trinitite (2.7 to 4.6 modal %), compared with the green trinitite (0.1 to 0.3 modal %; table S4).
By 1953, the entire Trinity test site was graded and buried, making access to spatially located samples difficult. Nonetheless, all the samples measured in this study are of the green trinitite variety, with the distance from detonation for IF-2 (<10 m) and IG-2 (~100 m) being well known, but more inaccurately known from T1, T2 and T3 (estimated at between 150 to 250 m).
Temperature estimates for the explosion in the location of the trinitite vary, but all suggest temperatures above those anticipated for typical basaltic magmatic eruption temperatures (typically ≤1250°C). Ross (31) noted that some of the quartz in the green trinitite that he investigated has been converted to silica glass, implying temperatures more than 1670°C. In general, the trinitite glass is quite heterogeneous at small-scales (<1mm) due to inefficient mixing and the distribution of precursor mineral phases (19, 33) . Eby et al. (19, 30) have also noted that only -quartz remains as a mineral constituent of the glass, with all other minerals melting to form glass or metal. These authors concluded that local conditions near trinitite formation exceeded 1600°C and 8
GPa. Using the estimates of Ross (31), Staritzky (17) estimated the energy to form the estimated amount of glass formed (1.7 × 10 9 g), and not including vaporized materials, equated to (4.3 ±0.5) × 10 12 J. In a more recent estimate, Hermes and Strickfaden (34) estimated a slightly larger quantity of trinitite formed (3100 m 3 , or ~ 7.5 × 10 9 g).
Both Staritzky (17) (34) examined the depth of the crater at the zero point, finding their estimate of depth of the crater to be 124 cm, versus the measured depth of >140 cm. They noted that "it is tempting to attribute the additional 0.7 ft [20 cm] of the measured depth to material that was vaporized or swept away by the mushroom cloud (fallout outside the main area of the trinitite), by as much as 15% of the total volume". Another key observation is the Cu sulfides are only found in the red trinitite, and not in the green trinitite, even though the source of S in both cases is from gypsum in the arkosic sand (19). This is permissive with S-loss through evaporative loss.
A unique feature of the Trinity Test site is that it is one of the few available locations world-wide where post-bomb materials can be studied. This is either because of accessibility to test sites, because many test sites were on coral atolls, which do not generate suitable post-detonation materials [e.g., (17) 
Comparison between trinitite, tektite, and fulgurite
The similarity of trinitite to tektites (formed by meteoroid grazing or impact) and fulgurites (formed by lightning strikes) has been noted by several authors [e.g., (19, 37) ].
These comparisons are all consistent with formation in high-temperature, short duration events, with very low water contents in the trinitite (0.01-0.05 wt.% H2O), and low Fe 3+ /Fe 2+ (~0.1) (38), indicating a reducing environment. However, in detail, fulgurites are much smaller in volume/mass than trinitite or tektites, and may experience buffering by vapor/solid phases, as they are formed in the ground as the lightning (electrical energy) is converted to heat (22). By contrast, while tektites show evidence for evaporative isotopic fractionation of Zn (25), their conditions of formation are not as well-known [e.g., (24)] as for trinitite from the Trinity test site (table S5) .
Xenon isotope results
Two of the samples that we measured for Zn isotopes have also been measured for Xe isotope compositions (IF-2 and IG-2). Trinitite shows anomalies in 136 Xe, 134 Xe and 131 Xe, consistent with neutron-induced fission of 235 U in the sand and rapid temperatureactivated diffusion of immediate fission products, mainly as beta-active Sb. The cooling of trinitite below its melting temperature effectively ceases Sb diffusion, allowing an estimate of cooling-time for IF-2 of ~17 minutes and ~5 minutes for IG-2. Release profiles for Xe in the samples is consistent to temperatures of heating equivalent to ~1390°C for IF-2 and ~1320°C for IG-2. Virtual absence of 136 Xe is indicative of a neutron burst, since 136 I has a relatively long half-life (83 s).
Trace element abundance data
We compare our data with 'average trinitite' and three aliquots of un-melted sand collected from the bottom-side of five trinitite samples, from (20) S3 . Images of trinitite samples used in this study. Note the vesiculation in IG-2, granularity in T1 and presence of desert dust coating in T3. IF-2 and IG-2 would be classified as glassy trinitite and T1, T2 and T3 would be pancake trinitite, using the classification of (19). 
